GTPase center of elongation factor Tu is activated by occupation of the second tRNA binding site (GTP February 20, 1986 ABSTRACT Interaction of the elongation factor EF-Tu with the antibiotic kirromycin results in activation of the GTPase center of the factor and in induction of an additional tRNA binding site (tRNA binding site II to distinguish it from the classical tRNA binding site I). Activation of the GTPase center under these conditions is stimulated by addition of tRNA. Two-fold evidence is presented that this stimulation is due to tRNA binding to site II rather than to site I. First, a strong correlation is observed between stimulation of the GTPase activity and enhancement of the reactivity of Cys-81 of EF-Tu toward N-ethylmaleimide at various concentrations of aminoacyl-tRNA, deacylated tRNA, and N-acetylaminoacyltRNA. The latter effects signal tRNA binding to site II. Stimulation of the kirromycin-induced GTPase activity by
tRNA binding to the factor also occurs when binding to site I is completely abolished. Such an abolishment was achieved by treating EF-Tu extensively with the thiol reagent L-1-tosylamido-2-phenylethyl chloromethyl ketone. EF-Tu GTP thus treated has lost its ability to protect the ester bond of aminoacyl-tRNA. The relevance of these data for the sequence of events during protein synthesis and for control of translational fidelity is discussed.
The transient residence on the Escherichia coli ribosome of translational factors such as initiation factor 2 (IF2), elongation factor Tu (EF-Tu), elongation factor G (EF-G), and release factors during protein synthesis is governed by their association with GTP or GDP (for reviews, see refs. 1, 2) .
Association with GTP favors their binding to the ribosome/ mRNA complex, whereas hydrolysis of GTP into GDP and inorganic phosphate induces their release from the ribosomal parti e.
Pase activity is an intrinsic property of EF-Tu and EF-G that is induced by suitable effectors. In the case of EF-Tu, the kbosome and the antibiotic kirromycin can both activate the GTPase center of the factor. The kirromycin-induced GTPase displays many features of the physiological enzyme and is strongly stimulated by ribosomes or tRNA (1, 3) . Various researchers have utilized this stimulation to study the interaction between EF-Tu and tRNA or fragments thereof (1, (4) (5) (6) (7) (8) (9) (10) (11) (12) .
Another effect of kirromycin is the induction of an additional tRNA binding site (site II) on EF-Tu, essentially different from the classical site (13) . Cross-linking of the 3'-terminal adenosine of tRNA to EF-Tu indicated that the two sites are topographically distinct (14) . The question therefore arises whether the stimulation of the GTPase activity of EF-Tu in the presence of kirromycin is due to tRNA binding to site I or site II. This question is highly relevant since the induction of site II and the activation of the GTPase center also occur when EF-Tu interacts with the ribosome as a ternary complex during the elongation cycle. Moreover, site II can bind peptidyl-tRNA (13) , and tRNA cross-linking to EF-Tu on the ribosome revealed that tRNA positioned at the ribosomal peptidyl site (P site) binds to site II, whereas tRNA positioned at the ribosomal aminoacyl site (A site) binds to site I (15).
Here we show that tRNA binding to site II rather than to site I stimulates the kirromycin-induced GTPase activity. (13) .
MATERIALS AND METHODS

Materials
Electrophoretically pure EF-Tu from E. coli MRE600 was prepared as described by Leberman et al. (16) and stored in 20 mM Tris HCl, pH 7.6/10 mM MgCl2/150 mM KCl/10 mM 2-mercaptoethanol/100 gM phenylmethylsulfonyl fluoride (PhMeSO2F)/10 ,uM GDP/10% (vol/vol) glycerol at -80'C.
The preparation had a GDP binding capacity of 22 nmol/mg of protein.
Bulk tRNA was almost completely aminoacylated with a mixture of all of the amino acids (13) and was stored in 2 mM KOAc (pH 5.0) at -80°C. Immediately prior to use, it was dialyzed against reaction buffer.
Determination of GTPase Activity. A standard assay mixture (volume 40 ,ul) Ci/mmol) was added. The reaction was allowed to proceed at 0C for 30 min, after which it was stopped by the addition of 2-mercaptoethanol to a final concentration of 10 mM and 100 tug of bovine serum albumin as a carrier. The mixtures were subsequently precipitated with 3 ml of 7% (wt/vol) trichloroacetic acid, filtered on Whatman GF/C filters, and analyzed by scintillation spectrometry (13) .
Extensive Modification with L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK). EF Fig. 1 Middle illustrates the effects of increasing concentrations of aminoacyl-tRNA, N-acetylaminoacyl-tRNA, and deacylated tRNA. Fig. 1 Top shows the results of the modification reaction obtained in the absence of kirromycin. It can be concluded, in accordance with our previous report, that the affinity of deacylated tRNA for binding site II is significantly lower than that of aminoacyl-tRNA. Dependence of the modification on the concentration of N-acetylaminoacyl-tRNA is somewhat different from that reported earlier (13) . Presumably, deacylation during storage of the previous preparation may account for this difference. The data do not reveal an interaction between N-acetylaminoacyl-tRNA and site I of the EF-Tu-GTP-kirromycin complex. apparent by an effective shielding of Cys-81. For the sake of clarity, the control experiments in the GTPase assay are not illustrated in Fig. 1 (21) . Fig. 2 shows that, under the conditions used, TPCK modification resulted in a complete abolishment of EF-Tu-dependent ester bond protection within 60 min. It may be concluded that the 3'-terminal part of Phe-tRNA no longer interacts with EFTu GTP thus treated with TPCK.
The same set of EF-Tu samples, modified with TPCK for various periods of time, was used in our GTPase assay (Fig.  3) . (i) We observed a strong inhibition by TPCK of the kirromycin-induced GTPase activity of EF-Tu in the absence of tRNA. However, kirromycin was still able to bind to the modified EF-Tu, as can be concluded from the results described below, which are dependent on the presence of kirromycin. The antibiotic can be cross-linked to Lys-357 in a region of the protein molecule that is far apart from Cys-81 (14) . This excludes a direct interference of TPCK with kirromycin binding. Most likely, therefore, TPCK modification hinders the conformational transition required for the activation of the GTPase center by kirromycin in the absence of tRNA.
(ii) Most important is the observation that tRNA can still stimulate the GTPase activity of TPCK-treated EF-Tu. Even when EF-Tu was modified with TPCK for 60 min, which resulted in complete abolishment of hydrolysis protection (see Fig. 2 ), aminoacyl-tRNA still enhanced the GTPase activity of EF-Tu-kirromycin at the same concentrations as in the case of unmodified EF-Tu-kirromycin. Apparently, the extent of TPCK modification does not affect the tRNA binding site of EF-Tu-kirromycin that is involved in the regulation of the GTPase activity. absolute value of the increment in GTPase activity as a result of addition of aminoacyl-tRNA is not affected. This may point to a high degree of independence between the allosteric stimulatory effect of aminoacyl-tRNA, on one hand, and that of kirromycin, on the other.
Not only aminoacyl-tRNA but also N-acetylaminoacyltRNA and deacylated tRNA stimulate the GTPase activity of EF-Tu with a TPCK-modified Cys-81. This can be concluded from the results presented in Fig. 4 . Again, the tRNA concentrations at which the stimulatory effects were detected were unaffected by the extent of TPCK modification (compare Fig. 1 Bottom) . Interestingly, inhibition of the GTPase activity at N-acetylaminoacyl-tRNA concentrations of >20 AM, as depicted in Fig. 1 Middle, did not occur when EF-Tu was modified with TPCK. This confirms our earlier assumption that inhibition involves tRNA binding site I, as the latter is selectively abolished by TPCK modification of Cys-81.
DISCUSSION
tRNA Binding Site II and GTP Hydrolysis. The major conclusion emerging from the present study is that stimulation of the GTPase activity of EF-Tu-kirromycin by tRNA is due to binding of the latter to tRNA binding site II rather than to site I. The same extent of stimulation is found at various ..
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Mg2+ concentrations in the range from 3.5 to 20 mM (unpublished results). It is conceivable, therefore, that tRNA binding to site II was also responsible for the stimulation observed by many other researchers who studied the effects of tRNAs and their 3'-terminal fragments on the kirromycininduced GTPase. Some of them used this stimulation to compare structural requirements for the recognition of the 3' end of aminoacyl-tRNA by EF-Tu'kirromycin (6, 7, 10, 11, 22) . These requirements proved to be somewhat different from those governing normal ternary complex formation. In light of our investigations this is not surprising since, in the absence of the antibiotic, tRNA binding to EF-Tu-GTP occurs exclusively to site I, whereas, in the presence of the antibiotic, binding to site I and to site II can occur (13 (14, 15) . Note that the antibiotic resembles the ribosome in inducing a GTPase activity of EF-Tu that displays the characteristics of a turnover reaction with linear kinetics (1). Extrapolation of the GTPase reaction in the EF-Tu-kirromycin complex to the physiological reaction on the ribosome may be justified by the extensive work ofParmeggiani and coworkers (24, 25) . They found that in the kirromycin-dependent turnover reaction the splitting of the pyrophosphate bond is the actual rate-limiting step under a variety of conditions and not the GTP-dissociation or GTP-association step. In the presence of kirromycin and in the presence of unprogramed ribosomes, the relative stimulation of GTPase activity by aminoacyltRNAs or their 3'-terminal fragments is about the same (10, 11). It may be concluded, therefore, that tRNA stimulation of the GTPase center of EF-Tu on the ribosome is due to tRNA binding to a site that closely resembles that induced by kirromycin-i.e., site II. We propose that during translation the interaction between codon-bound peptidyl-tRNA in the ribosomal P site with tRNA binding site II is a crucial event in triggering GTP hydrolysis.
Note that the results obtained by others studying the GTPase activity of EF-Tu in the presence of ribosomes may thus well be explained in an alternative way. Parlato et al. (10) and Guesnet et al. (11) showed that the effect of tRNA on the ribosome-dependent GTPase activity in the absence of mRNA is strongly influenced by moderate changes in the concentration of Mg2" and NH' (25, 26) . Stimulation was observed at 20 or 30 mM Mg2" but inhibition occurred below 10 mM. Stimulation at higher Mg2" was strongly counteracted by increasing NH+ concentrations. These ionic effects were not observed in the kirromycin-dependent system. It is aminoacyl-tRNA will preferentially bind to the A site of ribosomes (27) . Under these conditons, Parlato et al. (10) and Guesnet et al. (11) found no stimulation by tRNA of the GTPase activity of EF-Tu in the presence of unprogramed ribosomes. At Mg2+ concentrations of 20 or 30 mM, the cations may induce a rapid nonenzymatic translocation of aminoacyl-tRNA to the ribosomal P site as was reported for programed ribosomes (28) . Correspondingly, stimulation of GTPase activity of EF-Tu is now observed. Increasing concentrations of NH4 counteract the nonenzymatic translocation by favoring A-site binding of aminoacyl-tRNA (27) . Under these conditions, the stimulation by aminoacyltRNA of GTPase activity is strongly depressed.
Interestingly, the effects of small 3'-terminal fragments are different. In this case, the ionic effects are the same as those observed in the presence of kirromycin and the fragments stimulate GTP hydrolysis in a wide range of Mg2+ and NH4 concentrations (10, 11) . Conceivably, these fragments do not interact with the ribosome, as they lack the tRNA sites that are believed to be recognized by the ribosomal complex, such as the anticodon loop, T loop (29) , and D loop (30) . More likely, the fragments predominantly bind to site II of EF-Tu, an assumption that is open to experimental verification. In the presence of kirromycin, this site displays a higher affinity for intact tRNA than site I, as is illustrated in Fig. 1 of this paper.
tRNA Binding to Site II and Translational Fidelity: A Hypothesis. Selection of aminoacyl-tRNA on the ribosome is thought to occur in at least two steps (31, 32) . The first one is the initial recognition of a ternary complex by the ribosome. Following GTP hydrolysis, a second selection occurs prior to the formation of a new peptide bond. The latter step is called proofreading. Small differences between correct and incorrect base-pairing of the incoming aminoacyl-tRNA with the coding triplet are thus used more than once, which amplifies the selection. This explains why the overall selection is much higher than that of a single codon-anticodon recognition step (33, 34) . The whole process is driven by GTP hydrolysis. When the rate of this reaction is reduced by replacing GTP with the poorly hydrolyzable analogue GTP[-S] the selectivity of initial recognition appears to be surprisingly high (35) . A correct ternary complex now binds up to 40,000-fold more strongly than the incorrect one. The question therefore arises which mechanism underlies this high selection potential when mere codon-anticodon binding appears to be insufficiently selective. It Proc. Natl. Acad. Sci. 'USA 83 (1986) aminoacyl-tRNA may delay disclosure of tRNA binding site II and subsequent GTP hydrolysis. During the prolonged initial recognition of a noncognate ternary complex, the probability of the latter to dissociate from the ribosome is increased, more so because interaction with peptidyl-tRNA by way of site II is impaired. Such a mechanism is a variant of the conformational selection theory put forward by Kurland (40) . The sequence of events on the ribosome during initial selection and GTP hydrolysis is depicted in Fig. 5 . In our kirromycin-dependent system, tRNA stimulates the GTP hydrolysis only about 2-fold. There is evidence, however, that in the ribosome-dependent system in the presence of mRNA, the tRNA-mediated stimulation is at least 10-fold (1), although exact values are not available. The actual contribution of a delayed GTP-hydrolysis step to the rejection of a noncognate ternary complex is therefore difficult to quantify.
Finally, note that mutant species of EF-Tu altered in their tRNA binding and GTPase activities were found to act as nonsense suppressors (41) . This indicates that indeed both activities are implicated in the maintenance of translational fidelity.
